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In Brief
Barker and Baier use a visually mediated
behavior to investigate sensorimotor
decision making in the larval zebrafish.
They identity specific interneurons in the
optic tectum that bias behavioral choice
to approaches. These neurons are tuned
to a narrow range of sizes and have
receptive fields shaped by prey-selective
retinal ganglion cell inputs.
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An animal’s survival depends on its ability to
correctly evaluate sensory stimuli and select appro-
priate behavioral responses. When confronted with
ambiguous stimuli, the brain is faced with the task
of selecting one action while suppressing others.
Although conceptually simple, the site and substrate
of this elementary form of decision making is still
largely unknown. Zebrafish larvae respond to a mov-
ing dot stimulus in either of two ways: a small object
(potential prey) evokes approach, whereas a large
object (potential predator) is avoided. The classifica-
tion of object size relies on processing in the optic
tectum. We genetically identified a population of
cells, largely comprised of glutamatergic tectal inter-
neurons with non-stratified morphologies, that are
specifically required for approach toward small ob-
jects. When these neurons are ablated, we found
that the behavioral response is shifted; small objects
now tend to elicit avoidance. Conversely, optoge-
netic facilitation of neuronal responses with chan-
nelrhodopsin (ChR2) enhances approaches to small
objects. Calcium imaging in head-fixed larvae shows
that a large proportion of these neurons are tuned to
small sizes. Their receptive fields are shaped by input
from retinal ganglion cells (RGCs) that are selective
for prey identity. We propose a model in which
valence-based decisions arise, at a fundamental
level, from competition between dedicated sensori-
motor pathways in the tectum.
INTRODUCTION
In many predatory vertebrates, small moving objects elicit pur-
suit and capture movements [1–8]. Conversely, large or loom-
ing objects frequently trigger escape [9–12]. In the zebrafish
brain, visual objects are processed in the optic tectum [13–
17]. Recent studies demonstrated that information about object
size can be transmitted directly to tectal neurons from retinal
ganglion cells (RGCs) [8, 16, 17]. Yet it remains unclear how
size information is further processed by local tectal circuitry
and, critically, how it is evaluated to generate distinct behav-
ioral outputs.2804 Current Biology 25, 2804–2814, November 2, 2015 ª2015 ElsevIn birds and mammals, the optic tectum and its homologous
mammalian structure, the superior colliculus (SC), control orient-
ing behavior through direct target selection and through the
weighing of stimulus value. Notably, in barn owls, the tectum is
an integral part of midbrain circuitry that assigns priority between
competing stimuli [18]. In primates, activity within the SC is
required for target selection during saccadic eye movements
[19–21]. However, because these studies rely predominantly
on electrophysiological recordings and relatively unspecific per-
turbations, very little is known about the contributions of individ-
ual cell types to these behavioral functions. A genetically acces-
sible system may help bridge this gap, provided these animals
show sufficiently complex decision-making behavior. Here, we
introduce zebrafish larvae as such a system.
We assay sensorimotor action selection in larval zebrafish by
the presentation of small and large moving objects, such that
the behavioral output is a direct report of whether the stimulus
was classified as ‘‘positive’’ (edible) or ‘‘negative’’ (threatening).
This behavioral paradigm, combined with calcium imaging,
pharmacogenetic lesions, and optogenetic manipulations,
allowed us to investigate how neural circuits in the tectum
generate valence decisions based on the classification of visual
stimuli by size. We provide evidence that a genetically identified
population of tectal neurons, belonging to the non-stratified peri-
ventricular interneuron (nsPVIN) class [22], biases behavior to-
ward approach at small sizes. Our results suggest a model in
which the decision about whether to approach or avoid an object
is made by competition between dedicated tectal circuits that
inherit, in part, their tuning from size-selective RGCs.
RESULTS
A Novel Behavioral Assay Scores Vision-Dependent
Action Selection
We developed a behavioral assay in which free-swimming larval
zebrafish were exposed to moving dots of constant velocity and
maximal contrast (black dots on a white background). For
behavioral trials, a single larva was placed in a transparent plas-
tic chamber above a computer screen. Visual stimuli were gener-
ated on the computer screen, and a high-speed camera
recorded the larva’s movements from above (Figure 1A). For
each behavioral trial, a single larva was presented with dots of
seven distinct sizes (each dot size was presented nine times
before the dot size was changed). The initial position of the
dots and the order in which dots of different sizes were pre-
sented was pseudo-randomly ordered. Dot sizes ranged from
1 to 50 of the larva’s visual field. Approach and avoidanceier Ltd All rights reserved
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Figure 1. A Behavioral Assay to Score Vision-
Dependent Action Selection
(A) Schematic of behavioral setup. Moving dots are
presented on a computer screen below the larva
while a camera records behavior from above.
(B) Schematic of behavioral paradigm. As a dot en-
ters the visual field of the larva, the behavioral
response is scored. Neutral interactions are scored
when the fish has no response to the dot (no change
in direction or speed or no overall movement). An
approach interaction is scored when the larva
changes direction to match the trajectory of the
moving dot (denoted in blue in the schematic). An
avoidance interaction is scored when the larva
changes its direction to avoid the dot’s trajectory of
motion (denoted in red in the schematic).
(C) Trajectories of larvae performing approach (blue)
and avoidance (red) behaviors. Six examples of each
behavior are shown. The positions of the dot and the
fish were tracked across 10–15 frames of video
acquisition until the behavior was completed. The
dot start and end point (black arrow) are denoted for
the position of the dot after 15 frames of video
acquisition, representing 250 ms. Each individual
circle (blue or red) marks the position of the fish, with
the fish’s starting position denoted with an orange
circle (for both approach and avoidance). A blue or
red line shows the complete trajectory of the fish’s
movement with an arrow denoting the direction of
the fish’s movement. The scale bar in distance tra-
versed equals 3.75 mm.
(D) Behavioral size discrimination tuning curve (n =
37 larvae; 7 dpf). Behavioral responses to moving
dots of a given size are plotted as a response index (R.I.) (see the main text). The transition between approach and avoidance occurs around 5–10, with the
smallest dot size presented 1, generating approach. Avoidance responses peak around 30 and taper off toward 50.
(E) Same larvae as shown in (D) plotted using a valence index (V.I.) (see the main text). At 1 dot sizes, there is strong preference for approach. A slight preference
for avoidance is observed in response to 5 dots, with increasing preference (almost to maximal values) for sizes greater than 10.
(F) Finer resolution of the size discrimination tuning curve for small and medium sizes (shaded gray area in D; n = 9 fish of the 37 included in D).
(G) Same data in (F) plotted using the V.I. as in (E).
(H) V.I. tuning curves for three additional ages 4, 5, and 15 dpf. Data from 7 dpf (E) are included here for comparison (4 dpf: n = 5, orange line; 5 dpf: n = 18, green
line; 7 dpf: n = 37, black line; 15 dpf: n = 18, purple line).
For all panels, error bars indicate the SEM. See also Figure S1 and Movies S1 and S2.were readily distinguishable by both the direction and speed of
the larva’s movement (Figures 1B, 1C, and S1; Movies S1 and
S2). Approach behaviors typically persisted across 3 or 4 frames
of the video acquisition (60 Hz), with the direction of movement
consistently toward the dot. This resulted in a reorientation and
sustained pursuit of the dot (Figures S1D and S1F; Movie S1),
often involving J-turns, a hallmark of prey capture behavior
[1, 4, 6–8]. In contrast, avoidance behaviors weremarkedly faster
(always less than two frames at 60 Hz) and further characterized
by swimming away from the direction of the dot’s motion (Fig-
ures S1E and S1G; Movie S2).
To quantify each dot-larva interaction, we used the following
two behavioral indices: a response index (R.I.) = (the number of
approaches minus the number of avoidances) divided by (the to-
tal number of larva-dot interactions) and a valence index (V.I.) =
(the number of approaches minus the number of avoidances)
divided by (the number of approaches plus the number of avoid-
ances). In both indices, approach is assigned a positive value
(maximum possible response equal to 1) and avoidance a nega-
tive value (maximum possible response equal to 1; Figures 1D
and 1E). The R.I. considers each time the fish encounters a dot,Current Biology 25, 2804–28including trials where the dot does not elicit a behavioral
response. This metric allowed us to assess the overall strength
of the stimulus in eliciting a behavior as well as the direction of
the behavior, toward or away from the dot. In contrast, the V.I.
provides ameasure of the value assigned to the stimulus regard-
less of the strength of the behavioral response.
With Increasing Dot Size, Behavior Switches from
Approach to Avoidance
We found that smallmovingdots (<5) elicitedmainly approaches
and large dots (>10) avoidances. In a narrow range between
5 and 10, the behavior transitioned fromapproach to avoidance
and was highly variable. In response to a 5 dot, the indices ex-
hibited the largest variance (SEM = 0.10 for R.I.; SEM = 0.27 for
V.I.) and hovered around zero (p = 0.4384; one-sample, t test),
suggesting that this size represents an ambiguous stimulus to
the fish larvae. To better resolve the transition range, we sub-
jected a subset of nine fish to an expanded stimulus set (1, 2,
3, 4, 5, 7, 9, and 10). Preference for approach behaviors
was observed for 1, 2, and 3 dots. Near equal propensities
for avoidance and approach (and therefore highly variable14, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2805
behavior) occurred for 4, 5, 7, and 9 dots. At 10, the sign of
the R.I. changed to a significantly negative value, indicating
that, at this size, avoidances predominated (Figures 1F and 1G).
Whereas a clear transition between approach and avoidance is
observed in all fish, individual fish exhibited variability both in
the dot size that represented the approach-avoidance transition
and in the overall strength of their behavioral responses. Individ-
ual data (R.I., V.I., and fraction of behavioral responses) for all 37
fish presented in Figure 1 are presented in Figure S1.
Next, we asked when during development the behavior arises
and whether size preferences change in older larvae compared
to 7 dpf. Shortly after hatching (4 dpf), larvae already exhibited
a biphasic psychometric function when first tested, indicating
that the observed size preferences are innate. Interestingly, older
larvae (15 dpf) consistently approached dots of 5, which were
ambiguous to 7-dpf larvae. This suggests that the behavioral
transition point moves to larger sizes, concomitant with the fish
growing in size (Figure 1H).
Retina and Tectum Are Required for Visually Evoked
Avoidance and Approach Behaviors
Changes in overall luminance detected through the pineal gland
and deep brain photoreceptors are capable of driving phototaxis
[23, 24]. To test contributions of such non-retinal photodetection
mechanisms to thebehaviors examinedhere,weusednitroreduc-
tase to remove RGCs (Figures 2A and S2). Atoh7:Gal4-VP16
transgenic fish were crossed to carriers of UAS:Nitroreducta-
se(Nfsb)-mChry and treated with metronidazole (MTZ) at 5 dpf.
Within a few hours, MTZ is converted by nitroreductase into a
cytotoxic compound resulting in the cell-autonomous death of
cells expressing it [25]. Ablation of RGCs resulted in a flattening
of the behavioral response curve, with no responses significantly
different from zero (uncorrected p = 0.741, 0.436, 0.254, 0.068,
0.039, 0.012, and 0.229 for sizes 1–50; one-sample t test with
Bonferronicorrection;p<0.007atalpha=0.05).Surgicallyenucle-
ated fish similarly did not respond to dots of any size, with no
responses significantly different than zero (Figures 2B and S3;
uncorrected p = 1.000, 0.786, 0.374, 0.423, 0.391, 0.718, and
0.391 for sizes1–50, respectively; one-sample t testwithBonfer-
roni correction; p < 0.007 at alpha = 0.05). Both experiments
confirm that retinal function is necessary to mediate both the
avoidanceof largeobjectsand theapproach towardsmall objects.
Whereas more than 95% of RGC axons make synaptic con-
nections in the tectum, visually guided behaviors can be medi-
ated by other retinorecipient brain areas [2, 26]. To test the
contribution of the tectum in our behavioral assay, we crossed
the Gal4s1013t enhancer trap line, previously characterized to
drive broad expression in the optic tectum [27], to a UAS line ex-
pressing tetanus-toxin light chain (TeTxLC) fused to CFP (Fig-
ure 2C). (Cell ablation with nitroreductase cannot be employed
here because of weak muscle expression in the Gal4s1013t
line.) Silencing of tectal neurons resulted in a complete loss of
behavior with no response values significantly different from
zero (Figures 2D and S3; one-sample t test with Bonferroni
correction, uncorrected p = 0.391, 0.391, 0.374, 0.500, 0.482,
0.226, and 0.215 for sizes 1–50, respectively; p < 0.007 at
alpha = 0.05). This effect was not seen when only a subset of
tectal neurons, labeled in the Gal4s1038t line, were ablated (Fig-
ures 2E and 2F; two-way ANOVA; Tukey’s correction). These2806 Current Biology 25, 2804–2814, November 2, 2015 ª2015 Elsevcells are projection neurons of unknown function in the posterior
tectum and are contained within theGal4s1013t-labeled popula-
tion [27]. This result demonstrated that not all tectal populations
contribute equally to the behaviors tested here.
Ablation of SINs Impairs Large Object Avoidance
The superficial interneurons (SINs) are GABAergic neurons posi-
tioned within the superficial layers of the optic tectum and have
been reported to receive size-tuned retinal inputs [16, 17]. A sub-
stantial fraction of the SINs are labeled in the Gal4s1156t
enhancer trap line (Figures 2G and S2) [27]. This driver line, how-
ever, labels additional GABAergic cell types in the periventricular
layer, preventing us from using either nitroreductase or TeTxLC.
We therefore used a pulsed infrared (two-photon) laser to selec-
tively ablate between 2 and 12 SINs in both tectal hemispheres.
Following ablation, larvae were allowed to recover overnight and
behavioral experiments were performed on the following day
(7 dpf). All larvae were subsequently imaged to confirm the suc-
cessful and exclusive removal of SINs.
In SIN-ablated larvae, behavioral responses were impaired,
particularly to large sizes. At 30, the strength of the behavioral
response was significantly decreased, with R.I. shifted to less
negative values (Figure 2H; ‘‘SIN ablated’’ R.I. =0.44; ‘‘non-ab-
lated’’ R.I. = 0.74; adjusted p = 0.04 at 30; two-way ANOVA;
Bonferroni correction). Responses to small dots were also dimin-
ished, although to a lesser extent. Fish in which a large number of
SINs were ablated tended to show greater behavioral deficits
than fish with more restricted lesions, although individuals with
the same number of cells targeted could vary in the extent of their
impairment (Figure S2). This heterogeneity suggests that other
factors, such as SIN subtype identity [17] and position in the
tectum,may contribute to their functional relevance. Importantly,
we found no difference in the fraction of approaches or avoid-
ances in SIN-ablated larvae. Rather, these fish were less respon-
sive across the entire range of sizes, consistent with a role for
SINs in stimulus detection (Figures 2I and 2J).
Ablation ofGal4mpn354Neurons Shifts Responses from
Approach to Avoidance
In the newly generated gene trap line Gal4mpn354, labeling is
largely restricted to the dorsal tectum and the cerebellum, with
occasional expression in trunk musculature of the larval body
axis (Figures 3A and S4). Due to variegation in the expression
pattern, it is possible to select for larvae in which labeling is
largely restricted to the tectum. Ablations of Gal4mpn354 cells
in fish expressing nitroreductase selectively disrupted behav-
ioral responses to small sizes (Figures 3A and 3B; Movie S3;
two-way ANOVA with Tukey’s correction; p = 0.038; p = 0.032
at 1). The overall rate of behavioral responsiveness was unaf-
fected (Figure 3C). For 1 dots, however, we found a shift in
the sign of the V.I. from positive (approach) to negative (avoid-
ance) whenGal4mpn354-ablated larvae were compared to con-
trols (Figure 3D; p = 0.0003; Fisher’s exact test performed on
approach and avoidance counts), indicating that the observed
change arose from both an increase in the number of avoidances
and a decrease in the number of approaches to small dots.
In the above experiment, nitroreductase also removed
Gal4mpn354-labeled cells outside of the tectum. Although these
cells represent a small fraction, it is still possible that theyier Ltd All rights reserved
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Figure 2. RGCs and Tectal Neurons Contribute to Size
Discrimination
(A) Size discrimination tuning curves of Atoh7:Gal4, UAS:Nfsb-
mChry-ablated fish (n = 14; yellow) and control conditions (Atoh7:
Gal4, UAS:Nfsb-mChry with no MTZ treatment, n = 20, black;
Atoh7:Gal4, UAS:Dendra with MTZ treatment, n = 10, gray). When
RGCs are ablated, values are not significantly different from zero
(p > 0.07 for all sizes except 30 [p = 0.039] and 40 [p = 0.012]; one-
sample t test; Bonferroni correction).
(B) Tuning curves of enucleated and control siblings (enucleated, n =
7, orange; control, n = 10, black). Under enucleated conditions,
values are not different from zero (p > 0.30 for all sizes; one-sample
t test; Bonferroni correction).
(C) Expression pattern of Gal4s1013t shown in a 5-dpf larvae-ex-
pressingUAS:EGFP.Gal4s1013t labels a large portion, but not all, of
the tectal neurons.
(D) Tuning curve in Gal4s1013t-silenced larvae. When compared to
WT siblings, Gal4s1013t, UAS:TeTxLC-CFP larvae showed a
marked reduction in R.I., with no responses significantly different
from zero (experimental, n = 7, red; control, n = 4, black; p > 0.200 for
all sizes; one-sample t test; Bonferroni correction).
(E) Expression pattern of Gal4s1038t shown in a larva expressing
UAS:Kaede. Expression is restricted to the posterior tectum.
(F) Tuning curves of Gal4s1038t, UAS:Nfsb-mChry-ablated fish (n =
18; green) and control conditions (Gal4s1038t, UAS:Nfsb-mChry
with no MTZ treatment, n = 26, black; Gal4s1038t, UAS:Kaede with
MTZ treatment, n = 10, gray). No significant changes in the R.I. are
observed in ablated larvae compared to controls (two-way ANOVA
with Tukey’s correction).
(G) Expression pattern ofGal4s1156t,UAS:Kaede, labeling a subset
of the SINs (yellow arrows), as well as additional tectal neurons.
(H) Tuning curves for SIN-ablated fish (n = 16; blue) and control
larvae (n = 16; black). SIN-restricted ablations were performed in
Gal4s1156t, UAS:Kaede using a two-photon laser. R.I. is signifi-
cantly reduced at 30 (two-way ANOVA with Bonferroni correction;
p at 20 = 0.068; p at 30 = 0.040).
(I) SIN-ablated larvae show fewer behavioral responses (two-way
ANOVA with Bonferroni correction; uncorrected p at 30 = 0.004;
same larvae as in H).
(J) SIN-ablated larvae have an unchanged V.I. (ablated, n = 25, gray;
non-ablated, n = 16, black; two-way ANOVA; Bonferroni correction;
same larvae as in H).
The scale bars represent 50 mm; A, anterior; L, lateral; M, medial; P,
posterior. Hatched yellow lines denote the optic tecta for each im-
age. Neuropil is indicated in the right tectumwith a yellow arrow. For
all panels, error bars indicate the SEM. *p < 0.05. See also Figure S3.
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Figure 3. Ablation and Activation of
Gal4mpn354 Neurons Alter Behavioral Tun-
ing in Opposite Directions
(A) Expression pattern in the 5-dpf optic tectum in a
Gal4mpn354, UAS:Dendra fish.
(B) R.I. of Gal4mpn354, UAS:Nfsb-mChry larvae
(MTZ-treated, n = 31, orange; no MTZ, n = 24,
black) and Gal4mpn354, UAS:Dendra (MTZ-
treated, n = 12, gray). Following ablation, the R.I.
for a 1 dot switches from approach to avoidance
(two-way ANOVA; Tukey’s correction; p at 1 =
0.038 and 0.032).
(C) The fraction of behavioral responses is not
changed inGal4mpn354-ablated larvae (p = 0.647,
0.621, and 0.655 at 1, 5, and 10 sizes, respec-
tively).
(D) V.I. plots of fish used in (B). At 1, V.I. is switched
from approach to avoidance following ablation of
Gal4mpn354 neurons (Fisher’s exact test; p at 1 =
0.0003; p = 1.00 at 5; p = 1.00 at 10).
(E and F) ChR2 activation of Gal4mpn354 neurons
enhances approach behaviors at small sizes. (E)
The V.I. for Gal4mpn354 neurons is shifted to
approach when compared to wild-type siblings
exposed to the same blue light stimulation (Fisher’s
exact test; p = 0.015 at 1). (F) The fraction of ap-
proaches is significantly increased at 1 when
Gal4mpn354neurons areactivated (unpaired t test;
Bonferroni correction; uncorrected p = 0.014 at 1).
For all panels, error bars indicate the SEM. *p <
0.05; **p < 0.005; ***p < 0.0005. See also Figure S5
and Movie S3.contributed to the observed phenotype. We therefore attempted
to selectively laser ablate the labeled neurons in the tectum,
leaving the cerebellar population intact. These experiments are
difficult, owing to the limitednumberofcells thatcanbe reliablyab-
lated in an individual fish without affecting its overall health and
behavior. Furthermore, as will be shown below, the Gal4mpn354
population is heterogeneous in its physiological responses,
suggesting that removing a random subset will result in a diverse
range of effects. Nevertheless, we succeeded in reproducing the
phenotype of the nitroreductase ablation in fish in which 20 or
more Gal4mpn354 neurons were removed (Figure S5 shows a
representative example). Together, these experiments strongly
suggest that theGal4mpn354 tectal circuitry biases the behavioral
response toward approach.
Optogenetic Activation of Gal4mpn354 Neurons
Facilitates Approach Behavior
We next asked whether Gal4mpn354 neurons were capable of
actively driving approach behaviors. We transiently expressed2808 Current Biology 25, 2804–2814, November 2, 2015 ª2015 Elsevier Ltd All rights reserveUAS:ChR2-mCherry under the control of
the Gal4mpn354 driver and tested larvae
positive for red (mCherry) fluorescence
in our behavioral assay while a blue light
LED array (475 nm) was pulsed at 10 Hz
(20% duty cycle). This illumination regime
is expected to activate ChR2 and facili-
tate spiking of Gal4mpn354-positive neu-
rons. We found that global activation ofGal4mpn354 neurons resulted in an increase in approach behav-
iors at the smallest size presented (Figures 3E and 3F). Whereas
the blue light illumination regime reduced behavioral responses
to dots of all sizes, and in some cases changed the V.I., slightly
inverting it at 1 for control fish and decreasing it at 10 for ChR2-
expressing fish, we could not detect differences in overall
behavioral responsiveness between Gal4mpn354 larvae and
Gal4-negative control larvae exposed to the same illumination
protocol (Figure S5). It is likely that the mildly aversive nature of
the blue light stimulus is responsible for these observed effects.
The Majority of Gal4mpn354 Neurons Are Narrowly
Tuned to Object Size
To test the tuning of individual Gal4mpn354 neurons, we used a
UAS:GCaMP6s line to drive the expression of the genetically
encoded calcium indicator, GCaMP6s, as a readout of neural ac-
tivity [28]. Using a custom-built two-photon microscope, we
imaged neural activity in head-restrained larvae while presenting
visual stimuli (Figures 4A and 4B). A miniature OLED screend
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Figure 4. Two-Photon GCaMP6s Imaging Reveals that Gal4mpn354 and Gal4s1038t Lines Label Functionally Distinct Subsets of Tectal
Neurons
(A) Complete size-tuning profiles for Gal4mpn354, UAS:GCaMP6s neurons (72 cells recorded in ten larvae; 5 dpf). For normalization of raw calcium transients,
Z scores were calculated for each cell. Cells were presented with each stimulus 3 or 4 times in pseudo-randomized order.
(B) Raw calcium response to a single trial of a cell tuned to a 1 bar. Each bar stimulus (shaded in gray) lasts for 4 s and is preceded by a 2-s period of stimulus off.
(C–E) Examples of size tuning for three cells. dF/F values are plotted for each size presentation across three trials (shown in gray scale). Average tuning for the cell
is shown in black. (C) Example of a cell tuned to a 3 bar is shown. (D) Example of a cell tuned to a 30 bar is shown. (E) Example of a dually tuned cell responding to
both 1 and 30 is shown.
(F) Complete size-tuning profiles for Gal4s1038t, UAS:GCaMP6s neurons (38 cells recorded in five larvae; 5 dpf).
(G) Example of cell tuned to 20.
(H) Example cell tuned to 40. Notation is as above.
(I) Frequency histogram of all tunings represented in the imaged Gal4s1038t, UAS:GCaMP6s larvae.
(J) Frequency histogram of all tunings represented in the imaged Gal4mpn354, UAS:GCaMP6s larvae.
(K) Normalized population responses. The distribution between the two populations is significantly different (Mann-Whitney U; p = 0.0478).
For all panels, error bars indicate the SEM. *p < 0.05.positioned directly in front of the larva presented moving bars of
varying widths. To prevent light from the OLED screen from
reaching the PMTs, we placed two magenta filters over the
screen and reduced the total luminance of the stimulus by pre-
senting a gray moving bar on a black background. A horizontally
moving vertical bar was chosen to ensure activation of the entireCurrent Biology 25, 2804–28elevation (vertical axis) of the visual field. With this configuration,
we could reliably elicit strong calcium responses to the stimulus.
An example of the raw calcium response in a 1-tuned cell is
shown in Figure 4B.
We initially imaged young larvae (5 dpf). In 72 cells recorded
from ten larvae, we found that half of the cells (52%) were14, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2809
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Figure 5. AF7 Lesion Shifts the Population
Tuning of Gal4mpn354 Neurons to Larger
Sizes
Notations are as in Figure 4.
(A and B) Complete size-tuning profiles for
Gal4mpn354, UAS:GCaMP6s neurons with AF7
intact (58 cells recorded in ten larvae; 6 or 7 dpf) and
ablated (24 cells recorded in eight larvae; 6 or 7 dpf).
(C) Frequency histogram of all tunings presented
in (A).
(D) Frequency histogram of all tunings presented
in (B).
(E) Normalized population responses. The distri-
bution between the two populations is signifi-
cantly different (Mann-Whitney U test; p = 0.0012).
**p < 0.005.
See also Figure S6.narrowly tuned to one of the presented sizes. Interestingly,
almost a third of the neurons (31%) were dually tuned, respond-
ing to both small and large stimuli, but not to intermediate sizes2810 Current Biology 25, 2804–2814, November 2, 2015 ª2015 Elsevier Ltd All rights reser(Figures 4C–4E). To rule out that sampling
any subset of tectal neurons might lead
to a similar size tuning distribution, we
imaged the responses of Gal4s1038t fish
crossed to UAS:GCaMP6s (Figure 4F). In
38 cells from five larvae, we found a signif-
icantly different distribution of size-tuned
neurons. Overall, the number of cells re-
sponding to the visual stimuli was much
lower in Gal4s1038t when compared to
Gal4mpn354 larvae, and the vast majority
of neurons labeled in Gal4s1038t were
tuned to sizes between 10 and 40 (Fig-
ures 4G–4I). Neurons preferring small
sizes or dually tuned neurons were largely
absent in the Gal4s1038t population. The
mean population responses were signifi-
cantly different between Gal4mpn354 and
Gal4s1038t populations (Figures 4I–4K;
Mann-Whitney U test; p = 0.0478).
Size Tuning of Gal4mpn354 Neurons
Is Shaped by Inputs from
AF7-Projecting RGCs
The contribution of Gal4mpn354 neurons
to small object approach is consistent
with a role in prey capture. Between 5 and
7 dpf, prey capture behavior undergoes
substantial refinement [1]. Consistent with
maturation of the underlying circuitry, we
found a proportionately larger number of
Gal4mpn354 neurons tuned to small
stimuli (1, 3, and 5) at 7 dpf than at 5
dpf (Figure 5A; compare with Figure 4A).
We hypothesized that weakening prey-
selective visual inputs would alter the tun-
ing of Gal4mpn354 neurons. RGCs that
project to pretectal visual area AF7 andthe superficial layer SO of the tectum have recently been
identified as components of a prey-detection pathway [8]. We
targeted some of the RGC afferents in AF7 for laser ablation inved
A B
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Figure 6. Most Gal4mpn354 Neurons Are Glutamatergic nsPVINs
(A) Single cell labeling of a Gal4mpn354 neuron using the BGUG method.
(B) Close-up and line drawing of the single Gal4mpn354 neuron shown in (A).
(C and D) Examples of co-localization of Gal4mpn354,UAS:GCaMP6s (green)
expression and vglut2a:loxP-DsRed-loxP-GFP (magenta) or gad1b:loxP-
DsRed-loxP-GFP expression (magenta).
(E) The majority of Gal4mpn354-labeled neurons are glutamatergic (VGlut2a;
76%). A minority are GABAergic (Gad1b; 22%). p = 4.83 107; unpaired t test.
The scale bar in (A) represents 50 mm and in (B) represents 10 mm. Error bars
indicate the SEM. ***p < 0.0005.triple-transgenic zebrafish expressing UAS:GCaMP6s, driven by
Gal4mpn354, as well as Shh:GFP to label all RGCs [29]. Size tun-
ing was assessed by calcium imaging at 6 or 7 dpf, 1 day after
the lesion of AF7 (Figure S6). Interestingly, when AF7-RGCs
were ablated and collateral inputs to the tectumwere thus weak-
ened, the frequency distribution and mean population tuning of
Gal4mpn354 neurons were shifted to larger sizes (Figures 5B–
5E; Mann-Whitney U test; p = 0.0012). This result suggests that
the AF7-RGC axons provide input to the Gal4mpn354 neurons,
biasing their responses to small, prey-like stimuli.
Most Gal4mpn354 Neurons Are Glutamatergic and
Belong to the nsPVIN Class
To characterize the morphology of the Gal4mpn354-labeled
neurons, we used a highly variegated version of UAS-driven
membrane-targeted GFP named ‘‘BGUG’’ [30] for single neuron
labeling (Figures 6A and 6B). We found that Gal4mpn354 neu-
rons resemble the nsPVINs described recently [31]. These cells
notably lack efferent projections and form a bushy neurite arbor
straddling several deeper layers of the stratum fibrosum et gri-
seum superficiale (SFGS) and the stratum griseum centrale
(SGC). The depth and multi-laminar targeting of their projections
suggest a role in integrating visual information arriving from
RGCs terminating in different layers of the tectum [31].
To identify the neurotransmitter identity of the Gal4mpn354
population, we quantified co-localization of Gal4mpn354, UAS:
GCaMP6s expression and markers of excitatory and inhibitory
neurons, vesicular glutamate transporter 2a (Vglut2a), and gluta-
mate decarboxylase (Gad1b), respectively, using BAC trans-
genic lines [32, 33]. We found that 76% of Gal4mpn354 neurons
co-localized with the glutamatergic marker and 22% with the
GABAergic marker (Figures 6C–6E; n = 6, n = 7, respectively;
p = 4.8 3 107; two-sample; t test).Current Biology 25, 2804–28DISCUSSION
To dissect the function of the optic tectum in behavioral re-
sponses to moving visual objects, we devised a rapid and quan-
titative behavioral assay for free-swimming zebrafish larvae. The
objects presented to the larvae differed only in size, whereas
shape, absolute speed of movement, and contrast were held
constant. Variations in object size were sufficient to evoke either
approach or avoidance. Small dots (subtending visual angles of
<5 at their nearest distance to the larva) were generally attrac-
tive, whereas large objects (R10) were aversive. This behavioral
bifurcation is rooted in the fish larva’s ecology and is innate. Ap-
proaches resemble attempts at prey capture, whereas avoid-
ances are defensive reactions to a perceived threat, i.e., the
strike of a predator or an impending collision. We confirmed
this interpretation by analysis of the locomotor maneuvers that
the fish perform: approaches were composed of extended pur-
suits, whereas avoidances were usually initiated by fast-start es-
capes. Moreover, older fish larvae approached larger dots,
which younger larvae avoided, consistent with a growth-related
shift in the preferred food particle size.
Consistent with previous work in birds, amphibians, mam-
mals, and fish, a series of genetic and surgical lesion experi-
ments in zebrafish larvae demonstrated that both behaviors
depend on the retina and its projections to the tectum. Extra-
retinal, e.g., deep-brain [23] or pineal [24], photoreception mech-
anisms appear to contribute very little, if at all, to avoidance of
dimming or looming stimuli, at least under the conditions em-
ployed here (see also [12]).
An important consideration in classifying behavioral re-
sponses in a free-swimming, open-loop assay is the potential
for the fish’s perception of the dot size to change and thus the
risk of misclassifying a behavioral response. We think this is a
negligible concern in our assay. During the first week of life, larval
zebrafish are highly myopic. In a similar behavioral configuration
(with drifting gratings presented from below), responses were
not observed at angles greater than 20 from the vertical plane
[34]. The short resolving distance of the larval fish therefore con-
strains the range over which objects can be perceived.
Both sensory discrimination and action selection have been
assigned to the tectum by previous work in mammals, birds,
fish, and other vertebrates [35–42]. In adult goldfish, electrical
stimulation of the optic tectum evoked approach or escape de-
pending on the strength and site of current injection [42]. In the
barn owl, activity patterns in the optic tectum correlate with
changing stimulus salience through rapidly and gradually chang-
ing response properties when competing stimuli are presented.
This activity is likely to underlie computations that drive target
selection by biasing the response toward the most-salient stim-
ulus [18, 39]. In rodents, removal or acute inactivation of the SC
has been shown to bias the directional choice of rats during odor
discrimination [38]. Finally, in primates, a rich body of literature
highlights the contributions of the SC to saccade target selec-
tion, especially in situations where distractor stimuli are present
[19–21, 36, 41]. Taken together, the studies in owls, rodents, and
primates suggest that neural circuits in the optic tectum enhance
the perception of target stimuli and/or suppress distractor stimuli
through activity patterns that update the saliency of visual stim-
uli. Here, we add evidence that the diminutive tectum of the larval14, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2811
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Figure 7. Hypothetical Model of a Sensori-
motor Decision Circuit in the Tectum
(A) In the intact circuit, size-tuned RGC inputs for
small and large objects arrive in the tectum. This
information is processed by parallel ‘‘channels’’
within the tectal circuitry leading to approach and
avoidance behaviors for small and large objects,
respectively. When visual stimuli are of interme-
diate size, additional computations are required to
classify stimuli preceding a behavioral decision. In
the tectum, Gal4mpn354 neurons contribute to
the crosstalk between approach and avoidance
pathways. Their activation serves to bias behav-
ioral output toward approach.
(B) When Gal4mpn354 neurons are ablated, the
output of the approach pathway is weakened and
behavior is biased toward avoidance.
(C) Activation ofGal4mpn354 neurons using ChR2
facilitates approach behaviors.zebrafish may have a similar dual function in sharpening sensory
perception and computing behavioral outputs.
We employed our behavioral assay to test the contribution of
genetically identified tectal cell types to visual size perception
and valence-based behavioral decisions [16, 17, 30, 31, 43,
44]. The behavioral tuning curves of fish carrying genetic lesions
of specific cell types allowed us to assign a function to these
cells. When SINs are ablated, we see an overall decrease in
behavioral responses. This decrease is most pronounced for
the stimuli that evoke avoidance, but the trend extends across
the entire range of sizes. Remarkably, these deficits are not
due to a change in the classification of stimuli; 30 dots are still
avoided when detected. Rather, the fraction of behavioral re-
sponses is reduced; i.e., the SIN-depleted fish often ignore the
moving dots. The SINs, thus, appear to be important for accurate
perception of objects, perhaps by increasing visual resolving po-
wer or by enhancing stimulus-to-background contrast.
In contrast, cells within the Gal4mpn354 population appear
to have a specific role in the classification of small objects,
which then leads to a valence-based behavioral decision.
When Gal4mpn354 neurons are ablated, small dots tend to
be avoided rather than approached. This switch is not due to
a decrease in behavioral responsiveness, suggesting that small
dots are still being perceived but are now misclassified.
Gal4mpn354-depleted larvae show normal OMR and OKR (Fig-
ure S5; data not shown for OKR). This finding excludes an
unspecific effect of these cells on motor control. Rather, their
optogenetic activation appears to facilitate neuronal responses
to potential prey objects. The ability to enhance approach, by2812 Current Biology 25, 2804–2814, November 2, 2015 ª2015 Elsevier Ltd All rights reserveremotely activating the Gal4mpn354
population of neurons, and to shift
approach to avoidance, by lesioning it,
strongly suggests that a significant pro-
portion of the Gal4mpn354 neurons are
components of an approach pathway.
In fact, the behavioral switch may be ex-
plained by the existence of a competing
avoidance circuit, which is somewhat
responsive even to small objects butnormally suppressed by Gal4mpn354 cells (Figure 7). When
this inhibition is removed by Gal4mpn354 ablation, tectal
output becomes biased toward escape regardless of stimulus
size.
We have begun to explore the physiological function of the
Gal4mpn354 population by simultaneous visual stimulation and
calcium imaging in a semi-restrained, ‘‘head-fixed’’ configura-
tion. Using GCaMP6s, we find that theGal4mpn354 driver labels
neurons that are each tuned to a narrow range of sizes but as a
population to the full range of sizes tested (1–40). A non-over-
lapping group of tectal cells, the posterior projection neurons
labeled in the Gal4s1038t driver line, displayed a significantly
different population tuning, which was shifted to larger sizes.
Although we do not yet know the behavioral function of
Gal4s1038t neurons, this finding indicates that different tectal
neurons are specialized in their size selectivity and participate
in different behavioral output pathways.
Recently, our group discovered that prey capture relies on two
morphological types of RGCs, which arborize in the extratectal
AF7 before sending afferents to the most-superficial layer of
the tectum [8]. Here, we show that ablations of AF7 neuropil,
thus damaging collateral projections to the tectum, result in a
shift of the population response of Gal4mpn354 neurons from
small- to large-object preference compared to larvae with an
intact AF7. We do not know whether the tuning of individual
Gal4mpn354 cells is altered or whether many of the AF7-recep-
tive cells become unresponsive following AF7 ablation. The fact
that we see generally fewer cells responding to visual stimuli ar-
gues in favor of the latter scenario.d
Together, our results suggest that the tectum may discrim-
inate objects by size through mechanisms that enhance visual
resolution (via SINs and other cells) and may select appro-
priate behavior through mechanisms that assign valence to
pre-processed stimuli (potentially via nsPVINs [31] contained
within the Gal4mpn354 population; see Figure 7). Future
work is warranted to investigate the impact of neuromodula-
tion on tectal processing [45], comparable to that provided
by striatal circuits in mammals and birds. These studies are
sure to add new components to the sophisticated sensori-
motor mechanisms achieved by this phylogenetically con-
served brain structure.
EXPERIMENTAL PROCEDURES
All experimental procedures can be found in the Supplemental Information. All
animal procedures conformed to the institutional guidelines set by the Max
Planck Society, the Regierung von Oberbayern, and the University of Califor-
nia, San Francisco.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.09.055.
AUTHOR CONTRIBUTIONS
A.J.B. and H.B. designed the study. A.J.B. performed the experiments and
analyzed the data. A.J.B. and H.B. wrote the manuscript.
ACKNOWLEDGMENTS
We thank E. Ku¨hn, E. Dragomir, and A. Grob for help with behavioral experi-
ments and J. Donovan, A. Filosa, T. Thiele, A.M. Fernandes, A. Bahl,
R. Portugues, and D. Mearns for helpful discussions and critical comments
on the manuscript. H. Nguyen contributed an illustration for Figure 1. S. Higa-
shijima kindly provided the vglut2a:loxP-DsRed-loxP-GFP and gad1b:loxP-
DsRed-loxP-GFP fish lines. This work was initiated at the University of
California, San Francisco and completed at the Max Planck Institute of Neuro-
biology. Funding support was provided by the Max Planck Society and the
Deutsche Forschungsgemeinschaft (SFB870 TP B16, Assembly and Function
of Neural Circuits). A.J.B. was supported by an NSF Graduate Research
Fellowship and the Max Planck Society.
Received: July 17, 2015
Revised: September 1, 2015
Accepted: September 18, 2015
Published: October 22, 2015
REFERENCES
1. Budick, S.A., and O’Malley, D.M. (2000). Locomotor repertoire of the larval
zebrafish: swimming, turning and prey capture. J. Exp. Biol. 203, 2565–
2579.
2. Roeser, T., and Baier, H. (2003). Visuomotor behaviors in larval zebrafish
after GFP-guided laser ablation of the optic tectum. J. Neurosci. 23,
3726–3734.
3. Gahtan, E., Tanger, P., and Baier, H. (2005). Visual prey capture in larval
zebrafish is controlled by identified reticulospinal neurons downstream
of the tectum. J. Neurosci. 25, 9294–9303.
4. Bianco, I.H., Kampff, A.R., and Engert, F. (2011). Prey capture behavior
evoked by simple visual stimuli in larval zebrafish. Front. Syst. Neurosci.
5, 101.Current Biology 25, 2804–285. Muto, A., Ohkura, M., Abe, G., Nakai, J., and Kawakami, K. (2013). Real-
time visualization of neuronal activity during perception. Curr. Biol. 23,
307–311.
6. Patterson, B.W., Abraham, A.O., MacIver, M.A., and McLean, D.L. (2013).
Visually guided gradation of prey capture movements in larval zebrafish.
J. Exp. Biol. 216, 3071–3083.
7. Trivedi, C.A., and Bollmann, J.H. (2013). Visually driven chaining of
elementary swim patterns into a goal-directed motor sequence: a virtual
reality study of zebrafish prey capture. Front. Neural Circuits 7, 86.
8. Semmelhack, J.L., Donovan, J.C., Thiele, T.R., Kuehn, E., Laurell, E., and
Baier, H. (2014). A dedicated visual pathway for prey detection in larval ze-
brafish. eLife 3, e04878.
9. Dong, W., Lee, R.H., Xu, H., Yang, S., Pratt, K.G., Cao, V., Song, Y.-K.,
Nurmikko, A., and Aizenman, C.D. (2009). Visual avoidance in Xenopus
tadpoles is correlated with the maturation of visual responses in the optic
tectum. J. Neurophysiol. 101, 803–815.
10. Ewert, J.P. (1970). Neural mechanisms of prey-catching and avoidance
behavior in the toad (Bufo bufo L.). Brain Behav. Evol. 3, 36–56.
11. Ingle, D. (1973). Two visual systems in the frog. Science 181, 1053–1055.
12. Temizer, I., Donovan, J.C., Baier, H., and Semmelhack, J.L. (2015). A vi-
sual pathway for looming-evoked escape in larval zebrafish. Curr. Biol.
25, 1823–1834.
13. Sajovic, P., and Levinthal, C. (1982). Visual cells of zebrafish optic tectum:
mapping with small spots. Neuroscience 7, 2407–2426.
14. Sajovic, P., and Levinthal, C. (1982). Visual response properties of zebra-
fish tectal cells. Neuroscience 7, 2427–2440.
15. Niell, C.M., and Smith, S.J. (2005). Functional imaging reveals rapid devel-
opment of visual response properties in the zebrafish tectum. Neuron 45,
941–951.
16. Del Bene, F.,Wyart, C., Robles, E., Tran, A., Looger, L., Scott, E.K., Isacoff,
E.Y., and Baier, H. (2010). Filtering of visual information in the tectum by an
identified neural circuit. Science 330, 669–673.
17. Preuss, S.J., Trivedi, C.A., vomBerg-Maurer, C.M., Ryu, S., and Bollmann,
J.H. (2014). Classification of object size in retinotectal microcircuits. Curr.
Biol. 24, 2376–2385.
18. Mysore, S.P., and Knudsen, E.I. (2011). The role of a midbrain network in
competitive stimulus selection. Curr. Opin. Neurobiol. 21, 653–660.
19. Gardner, J.L., and Lisberger, S.G. (2002). Serial linkage of target selection
for orienting and tracking eye movements. Nat. Neurosci. 5, 892–899.
20. McPeek, R.M., and Keller, E.L. (2004). Deficits in saccade target selection
after inactivation of superior colliculus. Nat. Neurosci. 7, 757–763.
21. Krauzlis, R.J., Lovejoy, L.P., and Ze´non, A. (2013). Superior colliculus and
visual spatial attention. Annu. Rev. Neurosci. 36, 165–182.
22. Nevin, L.M., Robles, E., Baier, H., and Scott, E.K. (2010). Focusing on optic
tectum circuitry through the lens of genetics. BMC Biol. 8, 126.
23. Fernandes, A.M., Fero, K., Arrenberg, A.B., Bergeron, S.A., Driever, W.,
and Burgess, H.A. (2012). Deep brain photoreceptors control light-seeking
behavior in zebrafish larvae. Curr. Biol. 22, 2042–2047.
24. Jamieson, D., and Roberts, A. (2000). Responses of young Xenopus laevis
tadpoles to light dimming: possible roles for the pineal eye. J. Exp. Biol.
203, 1857–1867.
25. Pisharath, H., Rhee, J.M., Swanson, M.A., Leach, S.D., and Parsons, M.J.
(2007). Targeted ablation of beta cells in the embryonic zebrafish pancreas
using E. coli nitroreductase. Mech. Dev. 124, 218–229.
26. Kubo, F., Hablitzel, B., Dal Maschio, M., Driever, W., Baier, H., and
Arrenberg, A.B. (2014). Functional architecture of an optic flow-responsive
area that drives horizontal eye movements in zebrafish. Neuron 81, 1344–
1359.
27. Scott, E.K., and Baier, H. (2009). The cellular architecture of the larval ze-
brafish tectum, as revealed by gal4 enhancer trap lines. Front. Neural
Circuits 3, 13.
28. Chen, T.-W., Wardill, T.J., Sun, Y., Pulver, S.R., Renninger, S.L., Baohan,
A., Schreiter, E.R., Kerr, R.A., Orger, M.B., Jayaraman, V., et al. (2013).14, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2813
Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
499, 295–300.
29. Neumann, C.J., and Nuesslein-Volhard, C. (2000). Patterning of the
zebrafish retina by a wave of sonic hedgehog activity. Science 289,
2137–2139.
30. Scott, E.K., Mason, L., Arrenberg, A.B., Ziv, L., Gosse, N.J., Xiao, T., Chi,
N.C., Asakawa, K., Kawakami, K., and Baier, H. (2007). Targeting neural
circuitry in zebrafish using GAL4 enhancer trapping. Nat. Methods 4,
323–326.
31. Robles, E., Smith, S.J., and Baier, H. (2011). Characterization of geneti-
cally targeted neuron types in the zebrafish optic tectum. Front. Neural
Circuits 5, 1.
32. Satou, C., Kimura, Y., Hirata, H., Suster, M.L., Kawakami, K., and
Higashijima, S. (2013). Transgenic tools to characterize neuronal proper-
ties of discrete populations of zebrafish neurons. Development 140,
3927–3931.
33. Satou, C., Kimura, Y., and Higashijima, S. (2012). Generation of multi-
ple classes of V0 neurons in zebrafish spinal cord: progenitor hetero-
geneity and temporal control of neuronal diversity. J. Neurosci. 32,
1771–1783.
34. Orger, M.B., Smear, M.C., Anstis, S.M., and Baier, H. (2000). Perception of
Fourier and non-Fourier motion by larval zebrafish. Nat. Neurosci. 3, 1128–
1133.
35. Horwitz, G.D., and Newsome, W.T. (2001). Target selection for saccadic
eye movements: prelude activity in the superior colliculus during a direc-
tion-discrimination task. J. Neurophysiol. 86, 2543–2558.2814 Current Biology 25, 2804–2814, November 2, 2015 ª2015 Elsev36. Krauzlis, R.J., Liston, D., and Carello, C.D. (2004). Target selection and
the superior colliculus: goals, choices and hypotheses. Vision Res. 44,
1445–1451.
37. Mysore, S.P., Asadollahi, A., and Knudsen, E.I. (2011). Signaling of the
strongest stimulus in the owl optic tectum. J. Neurosci. 31, 5186–5196.
38. Felsen, G., and Mainen, Z.F. (2008). Neural substrates of sensory-guided
locomotor decisions in the rat superior colliculus. Neuron 60, 137–148.
39. Felsen, G., and Mainen, Z.F. (2012). Midbrain contributions to sensori-
motor decision making. J. Neurophysiol. 108, 135–147.
40. Krauzlis, R.J., Dill, N., and Fowler, G.A. (2012). Dissociation of pursuit
target selection from saccade execution. Vision Res. 74, 72–79.
41. Lovejoy, L.P., and Krauzlis, R.J. (2010). Inactivation of primate superior
colliculus impairs covert selection of signals for perceptual judgments.
Nat. Neurosci. 13, 261–266.
42. Salas, C., Herrero, L., Rodriguez, F., and Torres, B. (1997). Tectal codifica-
tion of eye movements in goldfish studied by electrical microstimulation. f.
Neuroscience 78, 271–288.
43. Nikolaou, N., Lowe, A.S., Walker, A.S., Abbas, F., Hunter, P.R.,
Thompson, I.D., andMeyer, M.P. (2012). Parametric functional maps of vi-
sual inputs to the tectum. Neuron 76, 317–324.
44. Gabriel, J.P., Trivedi, C.A., Maurer, C.M., Ryu, S., and Bollmann, J.H.
(2012). Layer-specific targeting of direction-selective neurons in the
zebrafish optic tectum. Neuron 76, 1147–1160.
45. Yokogawa, T., Hannan, M.C., and Burgess, H.A. (2012). The dorsal
raphe modulates sensory responsiveness during arousal in zebrafish.
J. Neurosci. 32, 15205–15215.ier Ltd All rights reserved
